Background: The analysis of exhaled breath condensate (EBC) can be an alternative to traditional endoscopic sampling of lower respiratory tract secretions. This is a simple non-invasive method of diagnosing respiratory diseases, in particular, respiratory inflammatory processes. Methods: Samples were collected with a special device-condenser (ECoScreen, VIASYS Healthcare, Germany), then treated with trypsin according to the proteomics protocol for standard protein mixtures and analyzed by nanoflow high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) with a 7-Tesla Finnigan LTQ-FT mass spectrometer (Thermo Electron, Germany). Mascot software (Matrixscience) was used for screening the database NCBInr for proteins corresponding to the peptide maps that were obtained. Results: EBCs from 17 young healthy non-smoking donors were collected. Different methods for concentrating protein were compared in order to optimize EBC preparations for proteomic analysis. The procedure that was chosen allowed identification of proteins exhaled by healthy people. The major proteins in the condensates were cytoskeletal keratins. Another 12 proteins were identified in EBC from healthy non-smokers. Some keratins were found in the ambient air and may be considered exogenous components of exhaled air. Conclusions: Knowledge of the normal proteome of exhaled breath allows one to look for biomarkers of different disease states in EBC. Proteins in ambient air can be identified in the respiratory tract and should be excluded from the analysis of the proteome of EBC. The results obtained allowed us to choose the most effective procedure of sample preparation when working with samples containing very low protein concentrations. Clin Chem Lab Med 2009;47:706-12. 
Introduction
Exhaled breath contains a wide range of different substances including non-volatile salts, lipids and proteins (1) (2) (3) (4) (5) . The collection of exhaled breath condensate (EBC) is a non-invasive method for obtaining samples from fluids lining the respiratory surfaces. Condensed exhaled breath is a promising source in which biomarkers of respiratory diseases may be identified (6) .
Even though various methods and devices are now available, the efficiency of these methods for recovering airway mediators is not established (7) . Although the American Thoracic Society and European Respiratory Society Task Force on Exhaled Breath Condensate recently published general recommendations on collection of samples, there are still some methodological pitfalls and unresolved questions (8) . None of the works provide complete information about the normal condensate proteome, or propose an optimal method for preparing a probe for proteomic analysis. Using a standard proteomic approach, we optimized the analysis and identified different proteins, in addition to keratins, in condensates of 17 young healthy non-smoking donors. The proteins that are found in exhaled breath of healthy non-smoking people will allow comparison of the proteome of healthy people with that of individuals having diseases of the respiratory tract.
Materials and methods

EBC collection and processing
The Ethics Committee of N.M. Emanuel Institute of Biochemical Physics, Russian Academy of Science (IBCP RAS) approved our research on EBCs, and informed consent was obtained from the participants.
The most commonly used condensers are the EcoScreen (Erich Jaeger GmbH, Hoechberg, Germany), RTube (Respiratory Research Inc, Charlottesville, VA, USA) and in-house glass or Teflon devices (7, 9) . Compared with RTubeீ, ECoScreen allows larger volumes of exhaled breath to be collected, and allows detection of proteins and lipids with greater sensitivity (7) . It should be noted that breath condenser coatings can affect measurement of biomarkers in EBC. According to the literature, higher albumin recovery in vitro was obtained for a condenser system containing glass and silicone coating (9) . Recovery of albumin looks more reproducible for polypropylene, aluminum and Teflon coatings (9) compared with glass or silicone coatings. In addition, protein absorption should be not significant at the temperature of collection (-108C) using the ECoScreen.
Based on these data, we chose chemically inert and thermostable Teflon collection vials that were compatible with the ECoScreen system. Each sample represents a breath condensate exhaled from tidal breath over a 10-min period. Samples were collected into Teflon tubes at -108C with the ECoScreen condenser (VIASYS Healthcare, Hoechberg, Germany). The construction of this system prevents saliva from getting into a receiver.
Minute ventilation and respiratory rate were measured by a pneumotachograph (ECoVent, VIASYS Healthcare, Germany). Thawed condensate was transferred immediately into low temperature-resistant polypropylene test-tubes with a low protein-absorbing surface (Corning, cat. No. 430656). Total volumes of exhaled air and breath condensates are presented as mean"SE of the mean.
One milliliter of each sample was transferred into an individual tube, frozen at -708C and then lyophilized in the same tube. Residue of each sample was frozen at -708C and stored for comparative studies.
Condensate collection with a protective filter
Two donors were asked to breathe using a protective filter. The protective filter prevented dust in the ambient air from getting into the condensate. The experiment was done in order to determine proteins present in the ambient air from those obtained from the lungs and respiratory tract. The results were compared with normal EBC collection.
Mass spectrometric analysis
All nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS) experiments were performed in duplicate on a nanoHPLC Agilent 1100 system (Agilent Technologies, Santa Clara, CA, USA) in combination with a 7-Tesla Finnigan LTQ-FT mass spectrometer (Thermo Electron, Bremen, Germany) equipped with a nanospray ion source (in-house system). HPLC was performed by gradient elution: the mobile phase B (80% acetonitrile, 20% water, 0.1% formic acid) was changed from 3% to 35% over 120 min; the elution rate was 0.3 mL/min. All MS/MS data were analyzed using Mascot (Matrix Science, London, UK; version 2.0.04). Proteins were identified against the NCBInr (National Center for Biotechnology Information) protein sequence database selected for Homo sapiens and taking into consideration the specificity of the protein hydrolysis with trypsin. Mass tolerance for parent ion mass spectrometry (MS) peaks were 10.0 ppm and 0.50 Da for MS/MS peaks. Significance of thresholds was -0.05. Variable modifications were not considered. The instrument set for Mascot search was specified as ''electrospray ionization (ESI)-Trap''.
The peptide Mascot score was considered significant if it indicated identity between the observed and theoretical peptide sequences. Proteins were considered to be correctly identified if at least one unique peptide was revealed with the Mascot probability-based score )70, or if more than two unique tryptic peptides were defined with significant scores. was analyzed using nanoflow LC-MS/MS in duplicate as described above. The sample volume that was injected was 4 mL.
Tryptic hydrolysis of standard protein mixture
EBC delipidation and protein precipitation (10)
Standard mixture A mixture (10 mL) of standard proteins (MS-CAL1, Sigma) was mixed in a 200-mL tube with 75 mL methanol followed by addition of 75 mL chloroform. The mixture contained 100 pmol of cytochrome C, 1 pmol of apomyoglobin, 1 pmol of aldolase and 1 pmol of bovine serum albumin (BSA). The mixture was centrifuged at 10,000 g for 5 min. Following aspiration of the organic phases, the tube was closed with porous film and the protein pellet was dried at ambient temperature, resuspended in 20 mL 50 mM NH 4 HCO 3 and hydrolyzed with 0.02 mg of trypsin at 308C for 16 h. The reaction was stopped with 0.1% formic acid. The resultant peptide mixture was analyzed using nanoflow highperformance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) as described above, 1 mL (F50 fmol of each protein) of each probe was added to each mixture.
EBC Lyophilized samples of EBC were re-suspended in 10 mL of water and extracted with methanol and chloroform as described above.
Protein precipitation with sodium deoxicholate and trichloroacetic acid (11)
Into a 1.5-mL tube, 100 mL of 0.15% sodium deoxycholate (DOC) was added to 1 mL of EBC with the standard proteins (MS standards UPS1, Sigma), using an equimolar ratio (0.5 pmol). The sample was vortexed and chilled for 10 min at room temperature. Fifty microliter of 100% trichloroacetic acid (TCA) was added and the sample then vortexed and chilled for 15 min at -188C. The mixture was centrifuged for 5 min at 10,000=g. The supernatant was removed carefully.
The remaining pellet was washed twice with 150 mL methanol/chloroform mixture (1/1 vol) and dried in the tube under a porous film at ambient temperature. Once dry, the pellet was resuspended in 20 mL 50 mM NH 4 HCO 3 and hydrolyzed with 0.005 mg/mL of trypsin at 308C for 20 h. The concentration of each protein was 0.025 pmol/mL. The reaction was stopped with 2 mL of 1% formic acid (up to 0.1% of acid in the sample). The resultant solution (hydrolysate) was analyzed using nanoflow LC-MS/MS. The sample volume that was injected was 4 mL.
Protein ultrafiltration on Microcon YM-3 membranes
A mixture of 1 mL of EBC with 2 mL of a standard mixture (MS standards UPS1, Sigma) with an equimolar ratio of proteins (0.5 pmol) was concentrated to 50 mL on a 3-kDa Microcon filter by centrifugation at 10,000 g according to the Microcon user's guide (www.millipore.com). Microcon YM-3 provides high recovery (above 90%) of proteins larger than 3 kDa (www.millipore.com/techpublications/tech1/PF185). The sample was diluted with 50 mM NH 4 HCO 3 buffer (pH 8.1) and hydrolyzed with 0.005 mg/mL of trypsin at 308C for 20 h.
The concentration of each protein was F0.008 pmol/mL. The reaction was stopped with formic acid (up to 0.1% of acid in the sample). The resultant solution (hydrolysate) was analyzed using nanoflow LC-MS/MS. The volume of sample that was injected was 6 mL.
Recovery of peptides after concentrating on Millipore ZipTip C18
Mixtures of proteins with molecular weights from 12 to 67 kDa, at an equimolar ratio, were hydrolyzed with trypsin 
Results
General features of EBC
The study population was represented by seven males waverage age: 29"3 years old (SE)x and ten females waverage age: 26"4 years old (SE)x. The mean volume of exhaled air over 10 min was 176"26 L (ns17). The mean volume of EBC over 10 min was 2.1"0.1 mL (ns17). EBC volumes comply with specifications of the device reported by the manufacturer. Protein concentrations in EBC have been estimated based on silver-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (figures not shown). Intensities of the EBC-bands are noticeably lower than those of the standards. Taking into account the sensitivity of silver stain (0.5 ng/band), one can conclude that 250 mL of the EBC-aliquot contains -1 mg of protein. Thus, protein concentrations in EBC are -1 mg/mL.
Optimization of the protein concentrating procedure
Analytical sensitivity Three protein concentrating procedures have been tested using standard aqueous mixtures with low protein concentrations, and in the presence or absence of the EBC matrix. Concentrated proteins were digested with trypsin and identified using nanoHPLC-ESI-MS/MS as described above. Analysis of a standard protein mixture before drying allowed us to identify 40 fmol of each protein with a high coverage of their primary sequences (Table 1) . This amount was considered to be the limit of sensitivity for this method.
Freeze-drying The number of peptides identified following freeze-drying of proteins decreased by 50%-90% (Table 1, Figure 1 ). However, all protein standards were found with reliable scores (Table 1) .
Similar results were obtained for equimolar mixtures of 48 recombinant human proteins (data not shown). Forty-three proteins were identified in the mixture before lyophilization, but this number decreased to 33 following lyophilization (Figure 2 ). The number of peptides with individual scores estimated using Mascot that were considered to be good enough for identification of proteins also decreased.
Influence of EBC matrix on protein identification
Thirty-three proteins were identified in the lyophilized standard mixture without the EBC matrix and 37 proteins were identified after drying the same mixture with individual EBC. Thus, the EBC matrix does not reduce the number of the proteins that can be identified.
Precipitation and ultrafiltration Lyophilization of equimolar mixtures of recombinant human proteins with individual EBC was compared to trichloroacetic acid/sodium deoxycholate (TCA/DOC) precipitation and ultrafiltration (Figure 2) . Following freeze-drying of the standard mixture with individual EBC, 37 proteins were identified. Thirty-three proteins were identified following precipitation with TCA/DOC. Following ultrafiltration, only two proteins were revealed demonstrating the unsuitability of this method.
Solid-phase extraction with ZipTipC18
Solid-phase extraction with ZipTipC18 could be very useful for Figure 1 The number of identified peptides in non-prepared samples (gray), samples after lyophilization (black) and samples after precipitation with methanol/chloroform (white). 1, cytochrome C (equine); 2, myoglobin (equine); 3, aldolase (rabbit muscle); 4, albumin (bovine serum). sample preparation for nanoflow LC-ESI-MS/MS, especially in cases of pooled condensates which contain much higher concentrations of salts and lipids when compared with individual samples. However, introduction of an additional preparation stage can decrease the yield of identified peptides, thus decreasing the Mascot scores of proteins. To estimate peptide recovery after ZipTipC18, hydrolysates of standard proteins were analyzed. The number of peptides identified in three samples after ZipTipC18 was dramatically lower compared with non-extracted samples, and SD of the number of peptides associated with each protein were high (Table 2) . Thus, this procedure is not recommended for EBC preparation.
EBC desalting and delipidation
Methanol/chloroform precipitation was tested as a procedure for desalting and delipidation. The present method of using methanol/chloroform/water in a 7.5/7.5/1 ratio provided a higher number of identified peptides for all proteins in a standard mixture, compared with the hydrolyzed protein mixtures introduced without any preparation (Table 3 and Figure 2 ). This is likely due to denaturation of proteins in the organic solvents. In spite of the effectiveness of this treatment for protein identification, we could not use it for non-concentrated samples because of high sample volumes and low protein concentrations. However, this procedure can be used after freeze-drying for improving hydrolysis.
Proteomic analysis of individual EBC of young healthy non-smoking donors
Proteomic investigation of EBC in 17 young healthy non-smoking volunteers revealed that the major proteins are cell keratins. However, the spectrum is polymorphous in different people. Pairs of cytoskeletal keratins 1/10 and 2/9 are invariant in most samples. No mutations in the sequences of these proteins from healthy volunteers were detected. We found that other keratins are substantially different for individual samples (Table 4) .
In addition to keratins, dermcidin, prostaglandin H2 D-isomerase (PGDS2) and a 1 -microglobulin/bikunin precursor (AMBP), ubiquitin and cystatin A also frequently occurred (G30% of donors, Table 4 ).
Analysis of the keratin background of ambient air and EBC collected with a protective filter
Keratins found in EBC belonged primarily to skin epithelia and hair follicles (12) . Therefore, they are presumed to be exogenous components of EBC. In order to establish the nature of EBC keratins, we applied two approaches. First, we collected the EBC of donors who breathed with a protective filter as described above. This filter should separate inhaled air from dust as the main source of keratins. We compared the proteomes of EBC obtained with and without an anti-dust filter for three individuals. The results for one are presented in Table 5 .
Sets of proteins identified in the condensates collected with and without a filter match, except for a slight discrepancy between the score value and the number of unique peptides identified. The latter is most likely due to the HPLC-MS/MS-analysis, rather than a method of collecting condensates. Therefore, our second approach investigated the proteome of ambient air. We collected and condensed the air of room. 1.5 mL and 5 mL of condensate were collected for 5 h and 20 h, respectively. The proteomes of samples are presented in Table 6 . We used empty probes (treatment with a reaction buffer in an empty test-tube) and BSA as controls of purity and completeness of lysis with trypsin. We obtained good peptide maps for BSA. However, no peptides were found in the empty samples.
Discussion
We conducted a series of experiments using standard protein mixtures to highlight methodological factors that influence the mass-spectrometric identification of proteins in human EBC. We analyzed proteomes of EBC in healthy subjects. Before discussing our results it is important to note some special features of EBC and to explain our objectives. EBC is composed of more than 99% condensed water vapor (8, 13) and a very small fraction (-1%) is represented by respiratory droplets. The formation of respiratory droplets is not regulated and their relative number and volume in EBC vary irrespective of the water volume. Thus, fluctuations in EBC volumes can influence the concentrations of non-volatile substances dissolved in respiratory droplets. According to the literature (13), the concentration of non-volatile analytes could be normalized by using dilutional indicators. In the present work, we have not normalized protein concentrations. We conducted a qualitative proteomic analysis and tried to recognize what proteins can be identified using mass-spectrometry in EBC collected using standardized conditions over 10 min. The period for collection of EBC was chosen as being optimal for comfort of the volunteers according to recommendations of the pulmonologists.
The main drawback is the low and variable protein concentrations in EBC. Since we cannot increase EBC volume, we tried to optimize sample preparation for proteomic analysis. First, we tried to minimize the number of sample preparation steps in order to increase protein recovery.
Comparison of different concentrating methods revealed that lyophilization was the most gentle and rapid procedure that could be standardized easily and integrated into a laboratory protocol for preparation of EBC. Lyophilization allowed us to identify at the fmol level all proteins in four-component mixture, and 77% of proteins in 48-component mixture (Table 1 , Figures 1 and 2) . TCA/DOC precipitation allowed us to identify a similar number of proteins (Figure 2 ), but it took more time and appeared to be more harmful due to usage of TCA.
Some proteins were not identified at all: insulin, epidermal growth factor, the alpha chain of hemoglobin, insulin-like growth factor II, platelet-derived growth factor B chain and ribosylhydronicotinamide dehydrogenase (NQO2). Such results can be due to two factors: incomplete hydrolysis of proteins or complicated ionization of peptides during MS-analysis of the trypsin hydrolysate. It is well-established that insulin-like growth factor II (14) , like insulin, is resistant to trypsin hydrolysis under routine conditions because of covalent dimerization. Using electrophoresis and MS, insulin was found to be resistant to trypsin hydrolysis under routine conditions, and was digested only after a reduction/alkylation procedure (data not shown). In the case of NQO2, hydrolysis can be prevented by numerous carboxylic acids, and aromatic and hydrophobic residues close to cleavage sites that decrease the specificity of trypsin for protein substrate. In addition to proteins that are resistant to trypsinolysis, some proteins are expected to be lost during lyophilization leading to a decrease in the number of proteins identified in the mixtures.
When analyzing the Mascot results, we failed to discriminate between some homologues of keratin; examples include keratins K13, K15 and K10; K14 and K16; K4, K3 and K6; K7, K8 and K1. Some were identified due to their unique peptides (Table 4) , while others could be neither identified nor excluded. Some of these keratins could have importance in diagnosing lung carcinoma or metastases, and in classification as suggested by the literature (15) . At present, these keratins cannot be identified until their unique peptides in EBC are found.
The results we obtained lead us to speculate that there is a different level of expression of various keratins in the respiratory tract of different people and, most likely, keratin polymorphism of the epithelium. We identified only keratins 5, 6 and 14, which have been previously established as being expressed in the human airway (bronchi) (16) . Thus, our results are consistent with those recently published (16) .
We also found other proteins, apart from keratins, that frequently occurred in G30% of our study subjects (Table 4) . Dermcidin, known to be a protein antibiotic from the sweat glands is probably an ''exogenous'' protein. Other proteins could play a diagnostic role. Some proteins that are normal participants of metabolism and appear in relatively healthy organisms may be able to change their expression level in certain pathologies. For example, cystatin A was initially characterized as an inhibitor of lysosomal cysteine proteases -cathepsins. Cathepsins are involved in processing and presentation of antigens, and are also involved in several pathological conditions such as inflammation and cancer. Cystatins can also induce synthesis of tumor necrosis factor and interleukin 10, and stimulate nitric oxide production (17) .
PGDS2 participates in allergic and inflammatory reactions (18) and can be a good target for anti-allergy and anti-inflammatory drugs (19) .
Finally, the AMBP secretes two separate proteins in blood. a 1 -Microglobulin is found in blood and connective tissue of most organs. It is most abundant at interfaces between cells of the body and the environment, such as lungs, intestine, kidneys and placenta. a 1 -Microglobulin inhibits the immunological functions of white blood cells in vitro, and its distribution is consistent with an anti-inflammatory and protective role in vivo (20) . Bikunin excretion increases in inflammatory conditions and is often considered to be a positive acute phase protein. It was demonstrated that during inflammatory diseases, concentrations of serum high molecular weight bikunin products are dependent on their rate of utilization as well as on regulation of their biosynthesis (21) .
Additionally, some proteins were found only in single samples and their appearance requires further investigation and interpretation.
A wide range of keratins identified in EBC allows us to conclude that these proteins occur in the respiratory tract due to exogenous sources and are probably retained by the respiratory system. The anti-dust filter did not restrict keratins identified in EBC collected in the laboratory. In addition, breathing with a filter was rather difficult and is not recommended for patients with labored breathing. Exogenous keratins can deposit continuously on the airway lining throughout human life. Exogenous proteins can be accumulated with dust indoors and inhaled by people. Thus, the keratin content of EBC is attributed both to living conditions and age of the individual. Proteomic investigations of ambient air may be an important component of proteomic studies of exhaled breath. We identified keratins in the condensates from ambient room air (Table 6 ). These data are also consistent with results of Hoffmann et al. (16) . Such ''freely circulating'' proteins should be excluded from analysis of the proteome under investigation in order to truly establish the diagnostic significance and application of EBC analysis.
Conclusions
In this study, we attempted to optimize sample preparation of EBC for proteomic investigations. We compared different methods for protein concentration that have been used in previous studies for proteomic analysis of EBC. The results we obtained allowed us to choose the most effective procedure for sample preparation when working with EBC samples containing very low protein concentrations. The procedure we chose for proteomic analysis of EBC from healthy non-smoking volunteers proved to be rapid and effective.
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